Abstract. The isothermal compressibility of mercury at 20 "C and 192 bar has been determined with an accuracy estimated at k 0.4 %, which represents a considerable increase in accuracy over previous determinations.
Introduction
In a companion paper (Hayward 1971 ) the principles underlying the accurate measurement of the isothermal compressibility of liquids have been analysed. By taking account of these principles, in particular by employing an iron substitution method to eliminate errors due to pressure vessel deformation, and by employing the parallel secant method of analysing the test results, the isothermal compressibility of mercury has been determined with greater precision than ever before.
The iron substitution method
If a compressibility test is done with an apparatus full of a liquid of secant bulk modulus ZL and the measured (apparent) volume change over a pressure differential AP is AV,;
and if a second test is done with some of the liquid in the apparatus replaced by a volume
Vm of a metal whose secant bulk modulus is Xm and the measured (apparent) volume change over the same pressure differential in this case is AVz, then AV1 AV2 1 1
That is to say, the experimental measurements lead to a value for the bulk modulus of the liquid in terms of that of the metal and the effect of the volume change of the apparatus itself is cancelled out between the two measurements. This method, first suggested by Parsons and Cook (1911) , appears never to have been used in high-precision work with liquids, although Tsiklis and Polyakov (1967) have used it in their work on gases. In the present experiment iron was used because more information on its elastic properties is available than for any other metal.
The compressibility of iron
Direct measurements of the isothermal compressibility of iron appear to have been made only by Bridgman (1923 Bridgman ( , 1940 . He made measurements in 1923 from 0-12 kbar and in 1940 from 0-30 kbar ; his two values at zero pressure agreed within 0.5 %. Isentropic compressibilities, however, have been measured acoustically by M. F. Markham (1966, private communication) , Seitz and Read (1946) , Lord and Beshers (1965) and Bradfield (1965) Bridgman found a temperature coefficient of compressibility of 0,024 % "C-l.
It can therefore be assumed with some confidence that Bridgman's 1923 value is very probably within 1 % of the true value. The actual billet of high-purity iron used in the present tests was also tested acoustically at the National Physical Laboratory and a value of P~= 6 * 0 1
x 10-7 bar-1 was obtained, This is within 0.7% of Bridgman's 1923 value. It was decided to give equal weight to these two values and the intermediate value of P~= 5 . 9 9 x lo-' bar-1 which was adopted can be regarded as accurate to within 0.7% or twice the deviation of the two values upon which it is based. This accuracy is adequate for the purposes of the present experiment, since the error imparted to the derived value of compressibility of mercury is to the error in the compressibility of iron as the ratio of the two compressibilities, namely, 7 to 1 ; thus the imparted maximum possible error in the derived compressibility of mercury is only 0.1 %.
Apparatus
The compressibility apparatus designed specifically for this experiment is illustrated schematically in figure 1. It consists of two concentric 'vee-shaped' vessels, the inner 'vee' being the measuring vessel and the outer 'vee' the pressure jacket. The large limb of the inner vessel is a cylinder of near-isotropic titanium (to minimize distortion under pressure), about 500 mm long and 50 mm in diameter. The small limb is of precision-bore glass tubing, about 500 mm long and 2 mm in diameter. The corresponding limbs of the outer jacket are made of stainless steel and reinforced Perspex, respectively.
At the start of a 'mercury only' test the whole of the large limb and most of the glass limb of the inner vessel are filled under vacuum with triple-distilled mercury. The remainder of the glass limb of the inner vessel and the whole of the annular space between the inner vessel and the outer jacket are then filled with water or low viscosity hydraulic oil. For a 'mercury plus iron' test the apparatus is assembled with an iron cylinder nearly filling the large limb of the apparatus and then the procedure for filling with mercury and oil is carried out as in the previous case. 
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Simplified schematic arrangement of apparatus for measuring compressibility of mercury.
The remainder of the equipment used is shown in figure 2 . The compressibility apparatus is installed in a large water bath, the temperature of which is controllable to better than f 0.01 "C. A cathetometer is used to view the level of the mercury in the glass limb, through a glass panel in the wall of the water bath.
The outer jacket of the apparatus is connected to a continuously running oil pump, through a Budenberg free-piston gauge. This maintains a constant pressure through the action of a photocell height detector, which opens a solenoid valve and so admits highpressure oil when the piston has fallen almost to the bottom of its travel and shuts the valve as soon as the piston has risen almost to the top of its travel. A mechanical device rotates the free-piston gauge continuously whilst the apparatus is slowly attaining thermal equilibrium at a specified pressure, but to avoid introducing errors through friction in this device it can be quickly disconnected when a reading is about to be taken. By ensuring that the piston is both rotating freely and falling freely whenever a reading is being taken, errors from friction in the rest of the piston-cylinder assembly are also avoided.
Smooth operation of the hydraulic system is ensured by the incorporation of several other components. Downstream of the pump, a pressure gauge and a variable-pressure relief valve are fitted; the latter allows the pump delivery pressure to be preset slightly above the pressure in the apparatus. A hydraulic accumulator is added to avoid a sudden drop in pressure when the solenoid valve opens. A flow damper, consisting of a bundle of fine hypodermic tubes in parallel, is fitted between the solenoid valve and the free-piston gauge to protect the latter from a severe pressure surge when the valve is suddenly opened.
Experimental method
Before the experiment was begun a number of preliminary measurements and calibrations were made. The effective area of the free-piston gauge was determined at various pressures in the high-pressure laboratory at NPL, its weights were calibrated at NPL, the acceleration due to gravity was measured at the site and the cathetometer was calibrated in the Metrology Division of the National Engineering Laboratory. The volume of the glass capillary tube between upper and lower graduations was determined with an accuracy of F 0.1 % and the volume of the iron insert with an accuracy of +0.01%. Tests were carried out with an accurately engraved measuring rod inserted into the glass capillary tube, to verify that refraction of the light from the mercury meniscus as it passed in sequence through glass, oil, Perspex, water, glass and air did not give rise to errors in the cathetometer measurements.
Because the apparent volume change when the iron insert was in place was extremely small (0.31 mm3), nothing was to be gained by making a large number of measurements of this quantity. Four series of measurements were made over the appropriate pressure range and were found to be in close agreement; a mean value was therefore adopted and treated, in effect, as a calibration constant.
The apparent volume change when the apparatus was full of mercury, however, was about a thousand times greater and consequently the relationship between it and the pressure differential had to be determined as accurately as possible. Thirty determinations were therefore made of the pressure differential causing the volume to change sufficiently for the meniscus to travel from one of the calibration marks on the capillary tube to the other. These were made over the approximate pressure differential 30-162 bar, the parallel secant modulus method (Hayward 1971 ) being used to derive the secant modulus at 192 bar.
Results
The work described above gives rise finally to only one value for the isothermal secant bulk modulus of mercury, at one temperature 20 "C and one pressure 192 bar. The worth of this solitary piece of data depends solely upon its uniquely high accuracy, which justifies using it as a reference against which other data can be checked.
The mean value of the thirty repeat determinations of bulk modulus was 251.7 kbar with a standard deviation of 0.19%. A full analysis of all the possible errors involved in the measurement has been made (Hayward 1969) and it is concluded that the result is accurate to within i 0.4%. This is twice the accuracy claimed by Davis and Gordon (1967) for their values derived from the velocity of sound and thermodynamic data and probably several -e o z E 24' 0 560 iobo l5bO 2d00 2;OO 3d00
Results of present work compared with existing data on compressibility of mercury:
x present work; I Amagat (1889) ; v Bridgman (1911) ; A Carnazzi (1903) ; + Davis and Gordon (1967) , derived from the velocity of sound; Y De Metz (1892); U Dolezalek and Speidel (1920); v Richards and Stull (1903) ; 0 Smith and Keyes (1934); 0 PEna and McGlashan (1959) .
times more accurate than could reasonably be claimed for any of the values previously obtained by direct measurement.
The method used by Davis and Gordon was such that the slope of their graph of KT against P was given more accurately than the absolute value of RT at any pressure. Consequently, by using the result of the present work to adjust the position of the Davis and 
at 20 "C to better than i 0.5 % at low pressures, falling to i-1.0 % at 13 kbar.
